We present the fully relativistic multi-reference configuration interaction calculations of the ground and lowlying excited electronic states of IrO for individual spin-orbit component. The lowest states for four spin-orbit components 1/2, 3/2, 5/2, and 7/2 are calculated intensively to clarify the ground state of IrO. Our calculation suggests that the ground state is of 1/2 spin-orbit component, which is highly mixed with 4 Σ − and 2 Π states in Λ − S notation. The two low-lying states of the 5/2 and 7/2 spin-orbit components are nearly degenerate with the ground state and locate only 234 and 260 cm −1 above, respectively. The equilibrium bond length 1.712Å and harmonic vibrational frequency 903 cm −1 of the 5/2 spin-orbit component are close to the experimental measurement of 1.724Å and 909 cm −1 , which suggests the 5/2 state should be the low-lying state contributed to spectra in experimental study. Moreover, the electronic states that give rise to the observed transition bands are assigned in terms of the excited energies and oscillator strengths obtained for the 5/2 and 7/2 spin-orbit components.
I. INTRODUCTION
Though Iridium Monoxide is simple diatomic molecule, it is a difficult system both on experimental and theoretical studies due to the existence of nearly degenerated open 5d shells and also the notably relativistic effect of the Ir atom. The multiconfigurational character of electron structure of IrO could give rise to strongly perturbed electronic transitions, which would produce complicated spectra in the experimental study. In particular, as a heavy-element with open d shell, Ir is an typically interesting system that requires accurate description of electron correlation, both static and dynamic, and also the relativistic effect contributions in theoretical study. This poses a great challenge to the modern electron structure theory.
The emission spectra of IrO was first recorded by Raziunas et al., who observed four bands situated at 5856, 5990, 6972 and 6899Å 1 , respectively, but no rotational and vibrational analysis is made because of low resolution of the spectra. In 1972, Jansson and Scullman 2 analyzed fifteen emission bands in the region of 4200-6400Å, and one of them is assigned as the band of 5950Å observed in Raziunas's study 1 . Three subsystems with ∆Ω = 0 are resolved and assigned as sub-state transitions between two 2 ∆ states 2 . After that, several theoretical studies have been carried out for the IrO molecule [3] [4] [5] . The first theoretical work is performed by Citra and Andrews on a) Electronic mail: ymyu@aphy.iphy.ac.cn b) Electronic mail: hxhan@nwu.edu.cn density function theory (DFT) 3 . They assigned 4 Σ − as the ground state of IrO. Later, a systemic study of 5d metal oxide by Yao et al. also on DFT level of theory supported this conclusion 4 . In general, DFT is insufficient to describe electron structure of such complicate molecule as IrO because the static correlation is difficult to be caught by a single determinate approach.
Therefore, two authors in present study, Suo and Han have studied 25 low-lying electronic states of IrO by using the multi-state complete active space second order perturbation theory (MS-CASPT2) method. Some important states are calculated by the restrict active space state interaction (RASSI) method to take into account the spin-orbit coupling (SOC) effect 5 . Different with previous theoretical prediction, the 4 ∆ 7/2 is assigned as the ground state of IrO. If the spin-orbital coupling effect is omitted, the 2 Π state is lowest in energy. Almost at same time with Suo et al. ' With increase of the nuclear charge, the relativistic effect becomes crucial in theoretical description of the chemistry of heavy elements. Therefore, j-j coupling is more appropriate than L-S coupling for interpretation of the experimental spectra. However, Suo et al.'s calculation reckons the scalar relativistic effect via spin-free second order Douglas-Kroll Hamiltonian (DKH) Hamiltonian 9-11 . Then, SOC was treated as the perturbation and evaluated via RASSI 12 . This calculation may not sufficient for IrO due to the strong spin-orbital coupling in heavy atom leaves only total angular moment J as a good quantum number. Therefore, in this work, the electron states of IrO are calculated for individual J components by using fully relativistic multi-reference configuration interaction method. The relativistic effects and the electronic correlations are considered on the same footing in Kramers-restricted configuration interaction (KRCI) implementation based on the exact 2-Component (X2C) Hamiltonian 13, 14 . We present and discuss the electronic ground and excited states of Ω=1/2, 3/2, 5/2, and 7/2 of IrO. Our calculated results show the strong degeneracy of the lowest state with Ω=1/2, 5/2, and 7/2, which can explain the discrepancy between the calculated and observed ground states. In addition, the excited stated obtained for Ω=5/2 and 7/2 are used to assign the observed six transition bands of LIF spectrum in the visible region.
II. COMPUTATIONAL METHOD
All our calculations utilize the exact two-component (X2c) Hamiltonian that includes by default atomicmean-field two-electron spin-same-orbit corrections 13, 14 . Firstly, average-of-configuration Dirac-Hatree-Fock (AC-DHF) 15 or Kramers restricted multi-configuration self consistent field (KR-MCSCF) 16 are performed to optimize molecular spinors in which static correlation has been evaluated. In AC-DHF and KR-MCSCF calculations, 13 electrons are allowed to distribute in 9 Kramers pairs (13in9) consisting of the Ir 5d6s and O 2p orbitals. Then, the Kramers-restricted multireference configuration interaction (KR-MRCI) are carried out by using molecular spinors from AC-DHF or KR-MCSCF calculations 17 . It takes advantage of the concept of generalized active spaces (GAS) to define suitable correlation spaces thereby allowing for arbitrary occupation constraints. In our calculation, two sets of GAS are applied. The first GAS, namely, "SD8(13in9)SD" includes the frozen core [1s 2 , and the virtual shells less than 2 a.u. The notation "SD8(13in9)SD" means that at least two holes in the 8 electron of the outer core is allowed, 13 electrons are distributed in the valence shell with plus of excited electrons from the outer core to valence shells, and finally that all single and double excitations into virtual orbitals are taken into account. Therefore, the first GAS will bring 21 electrons at most into correlation. The second GAS "SD20(15in10)SD" has a larger outer core [4f 14 5p 20 . The excited states of IrO are calculated by the additional KRCI implementation. The adiabatic energy is obtained by using Dunning's augcc-pCVDZ (O) and dyall's cv2z basis sets (Ir), which is modified with the vertical excited energy calculated by using Dunning's aug-cc-pCVTZ (O) and dyall's cv3z basis sets (Ir) (See supplemental material for computational details). All calculations were performed using uncontracted basis sets. The expectation values s z = Σ i m s and l z = Σ i m l are given that suggest the major component in the Λ−S notation. The KRCI prosperity module gives the transition dipole moment and therefore the oscillation strength is obtained in terms of
, where ω and D is the excited energy and transition dipole moment, respectively, e and m is electronic charge and mass. The oscillation strength helps us to assign the excited states to the observed visible transition bands. We first compare the ground state of IrO on the different level of calculations. In Table I , we illustrate the equilibrium bond lengths, energy separations, harmonic vibrational frequencies and major configurations of each lowest Ω states on three different KRCI calculations. The first two calculations employ the same GAS SD8(13in9)SD but with different molecular spinors in which one is obtained by AC-DHF and the other is from KR-MCSCF. It is found that the two different implementations, the DHF+CI and MCSCF+CI, yield the almost same results for the spectroscopy constant and electronic configuration. This suggests that the AC-DHF has captured sufficient static correlation, even without more expensive KR-MCSCF calculations. Both of two calculations prefer an Ω = 1/2 ground state. The 5/2 and 7/2 states are slightly higher in energy and locates at 58 and 91 cm −1 above the ground state on the MCSCF+CI calculation. The 3/2 state is well separated with three low-lying states and locates 2632 cm −1 above the 1/2 state.
It is noteworthy that the energy separations of 1/2, 5/2 and 7/2 are so small that the energy gap of these three states may sensitive to different level of theories. Therefore, we have performed an extra KRCI calculation with a larger GAS space, in which the 4f shell is included in correlation calculation and is labeled as GAS SD20(15in10)SD. This calculation sufficiently considered correlations of the 4f electrons of Ir atom, and was our highest level of calculation in present work. As can be seen from Table I, the energy order of four lowest states does not change when the GAS space is enlarged from SD8(13in9)SD to SD20(15in10)SD. However, the energy gap of the 1/2 and 5/2 states is increased to 234 cm −1 , which is larger than the corresponding value 58 on SD8(13in9)SD calculation. Interestingly, the energy separation between the 5/2 and 7/2 states is still small with the value of 26 cm −1 , and is close to 23 cm −1 obtained by the small-core calculation without the 4f electrons. Including 4f electrons in correlation calculation introduces more core-core and core-active correlations than small-core calculation. If assuming core-core correlation is similar in each states, it is correlation between the 4f and active electrons that stabilizes the 1/2 state and pushes this state lower in energy than SD8(13in9)SD result. The energy variation between the small-core and large-core calculations is minor, for example the energy separation of the 1/2 and 5/2 states is changed less than 200 cm −1 . Such small variation is not supposed change the order of the high lying excited state for a given Ω value. Therefore, we still use the small-core calculation in the following calculation for the excited states because of the economical computational cost. We intend to give a description of the excited states of IrO at a qualitative level that is sufficient for assignment of the experimental spectra.
As mentioned above, the previously theoretical predictions of the ground state disagree with the experimental results. The DFT 3 and RASSI 5 calculations predicted the 4 Σ − and 4 ∆ 7/2 ground states, respectively, whereas the experiment results present the 2 ∆ 5/2 ground state. Our calculation gives the ground state of Ω=1/2, which is inconsistent with the RASSI results and also does not support experimental assignment. However, the first excited state is predicted as Ω=5/2, which only locates 234 cm −1 above the ground state on our highest level of calculation. In addition, our predicted energy separation between Ω=5/2 and 7/2 is only several tens cm −1 , which is far less than the RASSI value of 1327 cm −18 . The 1/2, 5/2 and 7/2 are so close that the ground state can be easily polluted by two other low-lying excited states. As can be seen in Table I . Therefore, the 5/2 state in our calculation should be the low-lying state that contributes to the experimental spectra observed by Pang et al. and Adam et al. 7 . The strongly relativistic effect leads the electronic states of IrO could only be identified by their Ω values, not by λ value. However, the expectation values s z = Σ i m s and l z = Σ i m l suggest the major component in the Λ − S notation. Here, we also provide the corresponding Λ − S notation for each configuration in Table I . As illustrated by Table I , the lowest lying states of Ω=1/2, 3/2, 5/2, and 7/2 have a common electronic occupation of 14σ a The spinor in the bracelet also exists but with less than 5% composition. a The spinor in the bracelet also exists but with less than 5% composition.
(Ir(5d π )+O(2p π )). These orbitals are low in energy and are fully occupied in all states in present study. . The lowest lying state of Ω=7/2 has a major configuration 4δ , which corresponds to 4 ∆ if described in the Λ − S notation. Therefore, the lowest lying state of Ω=7/2 comes mainly from the δ 3 π 2 σ 2 occupation, which is consistent with the RASSI results for the 4 ∆ 7/2 . By analyzing the energy separations and leading configurations for the lowest Ω=1/2, 5/2, and 7/2 states, we suggest that the none-bonding 16σ, 4δ and anti-bonding 10π orbitals are close in energy and 17σ is slightly higher. This is consistent with previous CASPT2 result that has included scaler relativistic effect in calculation.
It is interesting to compare IrO with its iso-valent molecules CoO and RhO. It already known that CoO and RhO have the 4 ∆ and 4 Σ − ground states, respectively. Here, we have calculated these two molecules at KRCI level and the results of the low-lying states are summarized in Table. II. For CoO, the Ω=7/2 is assigned as the ground state, which has the leading configuration 1δ Provided that the group-9 metals bonded with oxygen atom somehow do not change the occupation numbers of those nonebonding σ and δ orbitals, one can expect that IrO should be similar to CoO instead of RhO. However, our results show that the strongly relativistic effect of the Ir atom should be taken into account during such comparison. First of all, the relativistic effect causes the contraction of the s and p orbitals and then the increasing screening effect, which yields the expansion of the d orbital. Thus, the repulsion of d electrons in the Ir atom should smaller than that in the Co atom. Also, the non-bonding δ, σ and anti-bonding π orbitals are much closer in IrO than CoO, which leads to denser low-lying states of IrO than CoO. When the multiply-degeneracy of d open shell of Ir element prevails over the d-shell electron repulsion effect, it will give rise to a low spin state, i.e., Ω=1/2, of the IrO molecule in which δ orbital is fully occupied. In addition, these non-bonding orbitals are so close that it is easily to put electron in none-bonding σ(Ir 6s) orbital due to the electron repulsion in δ (Ir 5d δ ) orbital 34 , which results in the high spin state, Ω =7/2 and 5/2, of IrO close to the ground-state just like their counter part component of CoO.
B. Excited states and assignment of the experimental spectra
The calculated excited states for Ω=5/2 and 7/2 are summarized in Table 3 and 4 in order to explain the observed visible transition bands. The adiabatic excited states are calculated at the [dyall.cv2z (Ir) and augcc-pCVDZ (O)] basis sets, which yields the equilibrium bond length R and the adiabatic excited energy T Adi cv2z . Besides, we also give a composite data of the excited energy T Com , as evaluated for larger basis set (See supplemental material for the computational details and the complete data tabular). The oscillator strength f associated to the transition from the lowest state in each Ω component to the upper states are given along with the excitation energy, which provides a reference to determinate which excited state can be assigned to the observed transition bands. The excited states of IrO exhibit stronger multiconfigurational features and therefore are more difficult to analyze the molecular orbital picture than the ground state. Moreover, our calculation for excited states is mainly based on the small basis set, limited by the huge computational demanding, which is supposed to bring uncertainty of 100-2000 cm −1 due to the basis set incompleteness. Therefore, our analysis for the experimental transition band is conducted in a qualitative way.
As shown in Table 3 , the 6th to 8th excited states have the excited energies T =15448 and 18316 cm −1 , respectively, that are close to the experimental values [17.6] and [17.8] , and also have significant oscillator strengths. As compared with the electronic configurations of the ground state, the 6th to 8th excited states can be traced back to the electron excitations from 10π 1/2 to 17σ 1/2 . The obtained equilibrium bond length for the 6th to 8th excited states is 1.787Å, which differs from the experimental value R=1.7969Å by about 0.1Å. This deviation in the bond length is not surprised for KRCI calculation of excited states. An assessment of accuracy of KRCI is conducted by Stefan, et al., 35 which shows that the KRCI calculation performs well for prediction of excited energy but with apparently large deviations in bond length. Therefore, consider the good agreement of the excited energy, the strong oscillation strength, and the clear electronic excitation path, we can suggest that the 6th to 8th excited states could contribute to the observed visible bands [17.6] 2.5-X 2 ∆ 5/2 and [17.8] 2.5-X 2 ∆ 5/2 . The 9th to 11th excited states give the excitation energies of 22043 and 22320 cm −1 and the significant oscillator strengths of around 0.0047 -0.0217. Such excited energies are close to the experimental values of transitions [21.5]-[22.0] 2.5-X2.5. The corresponding bond length is around 1.787 and 1.794Å, which is consistent with the experimental value 1.7874Å. Be compared with the electronic configurations of the ground state, the 9th to 11th excited states are mainly arising from electron excitation from 4δ 3/2 to 10π 3/2 , 4δ 3/2 to 4δ 5/2 , and 10π 1/2 to 10π 3/2 . The good agreement with the experimental values suggests that the 9th to 11th excited states can be assigned to the observed transition bands [21.5] 2.5-X 2 ∆ 5/2 and [22.0] 2.5-X 2 ∆ 5/2 . The 13th excited state is arising from electron excitation from 4δ 3/2 to 4δ 5/2 and 10π 1/2 to 10π 3/2 , which gives the excited energy T =23518 cm −1 that is close to observed in experiments. The corresponding electronic excitations are also clear, mainly arising from singly excitation from 16σ 1/2 and 10π 3/2 to 17σ 1/2 . Therefore, we suggest that one of the 6th and 7th excited states with Ω=7/2 may contribute to the experimental visible transition band [21.9] 3.5-3.5.
IV. CONCLUSIONS
In summary, the electronic structure of IrO is calculated by using fully relativistic multi-reference configuration interaction method. Four lowest-lying states for Ω=1/2, 3/2, 5/2, and 7/2 are calculated with the aim to determinate the ground state of IrO. Our results indicate that the ground state of IrO is Ω=1/2, which is highly mixed by component of the 4 Σ − and 2 Π states. Two low-lying states, namely, 5/2 and 7/2, are nearly degenerated with the 1/2 state and locate only 234 and 260 cm −1 above. The quite small energy separations among the three Ω states bring the great difficulty for the identification of the ground state, which causes the discrepancy between the experiments and the theoretical calculations. However, our calculation supports that the low-lying state 5/2 should contribute to most of the experimental observed spectra. This state has the equilibrium bond length of 1.712Å and vibrational frequency of 903 cm −1 , which agrees with the experimental value 1.724Å and 909 cm −16 . Furthermore, the excited states of IrO are investigated for Ω=5/2 and 7/2 that can be used to interpret the experimental spectra. Six excited states are assigned to the observed six transition bands of LIF spectrum in the visible region, i.e., [ Our calculation is implemented at the high level that the relativistic effect and spin-orbit coupling are taken into account at the same foot. The multi-reference properties of 5d shell of Ir is sufficiently considered through KR-MCSCF implementation. The electronic correlation is considered up to the 4f electrons of Ir. The strong multiconfigurational features of the electronic structure of IrO have been clearly demonstrated in our calculations. Our calculation still cannot provide the direct theoretical proof that the ground state is the Ω=5/2 state. This urges more systematic theoretical and experimental work, for example, to give the relative position of the Ω= 1/2, 5/2 and 7/2 states. More accurate electronic structure computation technique, for example, multi-reference couple cluster (MRCC) method that is considered as the most accurate method to treat the electronic correlation, is also strongly urged to be adopted for this challenge question.
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Supplementary materials for "Relativistic configuration interaction calculation on the ground and excited states of iridium monoxide" 12, 2012) . However, we still could not assign a 5/2 ground state due to larger energy gap of the 7/2 and 5/2 states. The discrepancy between theoretical and experimental results may come from insufficient treatment the relativistic effect. The large SOC effect in IrO seems to be calculated by the variational method rather than the perturbation theory. Therefore, multi-configurational electron correlation calculation in the frame of fully relativistic theory is highly desired to give the more accurate description to the ground state of IrO. This is our main motivation of the present work.
II. EXCITED STATE OF IRO
More roots are required in the KRCI implementation in order to get the low-lying excited state of IrO, which increases the computation demand greatly. Therefore, the calculation for the excited states is mainly performed on the small basis set, then a composite scheme is adapted to give the estimated value T Com of the excited energy at larger basis set. The correction due to the finite basis set is determined as ∆T basis = T 
